INTRODUCTION {#SEC1}
============

Alternative pre-mRNA splicing regulates gene expression of ∼92--94% human genes to generate proteomic diversity ([@B1]). Aberrant RNA splicing is often associated with various pathological conditions in human, such as myotonic dystrophy ([@B1],[@B2]), autism ([@B3]), spinal muscular atrophy ([@B4]), tauopathies ([@B5]) and numerous types of cancer ([@B6]). Thus, uncovering of aberrant splicing in any given diseased condition will greatly assist us to understand the genetic determinants of disease ([@B7]).

Serine/arginine-rich splicing factor 3 (SRSF3 or SRp20) is the smallest member of serine/arginine-rich (SR) family of proteins and plays important roles in regulation of alternative RNA splicing ([@B8]--[@B11]), RNA export ([@B12],[@B13]) and polyadenylation ([@B14],[@B15]), protein translation ([@B16]--[@B18]), pri-miRNA processing ([@B19]), genome stability ([@B20]) and signal pathways ([@B21]--[@B24]). Altered expression of SRSF3 is found in many human diseases and cancers ([@B25]--[@B30]). We and others recently reported that SRSF3 has a proto-oncogenic function and is frequently upregulated in various types of cancer ([@B28],[@B31]--[@B33]). SRSF3 regulates alternative splicing and gene expression of FoxM1 (forkhead box M1), PLK1 (polo-like kinase 1) and CDC25B (cell division cycle 25B) in U2OS osteosarcoma cells ([@B28]), and HPV16 (human papillomavirus type 16) E6 and E7 oncogenes in HPV16-positive cervical cancer cells ([@B10]). SRSF3 overexpression confers cancerous phenotypes, such as cell cycle progression and anti-apoptosis ([@B28],[@B32],[@B34],[@B35]), anchorage-independent cell proliferation ([@B28]), tumor formation in nude mice ([@B28]) and aerobic glycolysis ([@B36]), and inhibits replicative senescence ([@B37]). Under physiological conditions, SRSF3 regulates the splicing of G6PD (Glucose-6-phosphate dehydrogenase) RNA ([@B38]) and hepatocyte differentiation and metabolic function in liver ([@B39]). In addition, SRSF3 is one of the major regulators in cell reprogramming of induced pluripotent stem cells ([@B40]), implying a possible role in the dedifferentiation process of carcinogenesis. Together, these accumulating evidences strongly suggest a global effect of SRSF3 in the aberrant RNA splicing in cancer cells. Although global analysis of the possible SRSF3-regulated mRNA targets has been performed in mouse neural cell line P19 ([@B41],[@B42]), the regulated RNA splicing events and gene expression underlying SRSF3-mediated oncogenesis in human cells remains largely unknown.

In this study, we compared genome-wide profiles of SRSF3-regulated RNA splicing events and gene expression in human osteosarcoma U2OS cells with or without SRSF3 knockdown. We discovered that SRSF3 regulates the expression of at least 224 genes either at the RNA splicing level or at the gene expression level. Most of them are involved in cell cycle or proliferation. SRSF3 also affects the expression of a subset of human miRNAs. This is the first report of a genomic landscape of SRSF3-regulated RNA splicing events and gene expression in human cells.

MATERIALS AND METHODS {#SEC2}
=====================

Cell cultures and siRNAs {#SEC2-1}
------------------------

Human osteosarcoma U2OS cells and human cervical cancer HeLa cells were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). U2OS and HeLa cells were grown in Dulbecco\'s modified Eagle medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin.

SRSF3-specific siRNA (si-SRSF3, cat. No. M-030081--00) and SRSF1 (SF2/ASF)-specific siRNA (si-SRSF1, cat. No. M-018672--01) were purchased as a siGenome SMARTpool siRNA from Dharmacon (Lafayette, CO). A non-targeting siRNA (si-NS) obtained from Dharmacon, with 52% GC content (cat. No. D-001206--08--20), was used as an siRNA control. The SRSF3-specific siRNA s12732, targeting a splice junction of SRSF3 exon 2 and exon 3, was purchased from Ambion (Austin, TX, USA). Cell transfection and siRNA knockdown assays were described in our previous publication ([@B28]).

Plasmids and transfection {#SEC2-2}
-------------------------

Minigenes constructed to express EP300 exon 13--15 with or without point mutations in the SRSF3-binding site in mammalian cells were carried out by using pEGFP-N1 ([@B43]). Briefly, an EP300 exon 13--15 DNA fragment in size of 2975 bps (Ch22:41545042--41548016) was polymerase chain reaction (PCR)-amplified from HeLa cell genomic DNA, and subcloned into pEGFP-N1 plasmid at XhoI and NotI sites to exclude the EGFP coding sequence. The resulting plasmid was named as pMA-79. The EP300 intron 14 in size of 1634 bps pMA-79 was then shortened to 1011 bps by deletion of a 623-bp XhoI-HindIII fragment between 262 bp downstream of the intron 5′ ss and 751 bp upstream of the intron 3′ ss to yield plasmid pMA-80. Subsequently, deletions \[Δ1 (pMA-81), Δ2 (pMA-82), Δ3 (pMA-83 and Δ4 (pMA-84)\] and point-mutations \[mt-1 (pMA-86) and mt-2 (pMA-87)\] were introduced within the exon 14 by overlapping PCR ([@B44]). Primer sets used for the minigene vector construction and RT-PCR detection of exogenous EP300 RNA are summarized in Supplementary Table S1. For the plasmid transfection, HeLa cells at 1.0 × 10^6^ in a 6-cm dish were transfected with 4.0 μg of plasmid by LipoD293 (SignaGen Laboratories, Rockville, MD, USA), and total RNA was extracted 24 h after the transfection.

Splice array analysis for human genes {#SEC2-3}
-------------------------------------

For the human splice array, U2OS cells were transfected with Dharmacon si-SRSF3 or si-NS twice with an interval of 48 h as described ([@B28]). Total RNA at 48 h after the second transfection was purified by TRIzol (Invitrogen) and 50 ng of each total RNA from three biological replicates were then reverse-transcribed and applied for a human genome-wide splice-array assay to profile the expression of 20 649 genes and splicing events of 19 066 genes by using a service provider ExonHit Therapeutics, Inc (Gaithersburg, MD, USA) as described previously ([@B45]). ExonHit splice array includes probes designed for both known and predicted exons and exon--exon junctions (Supplementary Figure S1). Sample amplification and labeling was performed using the WT-Ovation Pico RNA Amplification System and the FL-Ovation cDNA Biotin Module v2 (NuGen, Inc., San Carlos, CA, USA). Following the scanning by Affymetrix GeneChip Scanner 3000 7G (Affymetrix, Santa Clara, CA, USA), the raw data were processed by background subtraction through robust multichip average method. Quantile normalization was applied on log~2~ transformed dataset. Splicing alterations were analyzed by B/E method, by which a ratio of B probe (exon inclusion) and E probe (exon skipping) was measured, while gene expression level was analyzed through probeset intensities of constitutive exons (Supplementary Figure S1) ([@B45]). Top candidate genes were selected based on three criteria: (i) ratio changes in splicing or gene expression levels were \>2-fold; (ii) acquired signal intensity was more than a cutoff value of 4.3 on log~2~ scale; (iii) false discovery rate (FDR) was controlled at 10% for gene expression changes and 20% for splicing alterations.

The unselected gene transcripts from the B/E method were also searched for the SRSF3-dependent splicing events by Analysis of Variance (ANOVA, Supplementary Figure S2) using the linear model: Y∼I + L·X + L × F × R, in which, Y: observed probeset intensities with log~2~ transformation; I: baseline for Y, including the probe affiliation information and basic splicing ratio information; L: class labels (with 2 levels: si-SRSF3 and si-NS); X: log~2~ of the transcription level changes; F: the type of splicing ratio changes to Y (1, −1, 0); *R*: log~2~ of the inclusion ratio changes; For each event we got 6 \* 6 equations (6 probes \* 6 array), and the parameters of X and R can be estimated with ANOVA. To test the null hypothesis of 'if X = 0 or if *R* = 0', empirical Bayesian analysis method ([@B46]) was applied to compute the p-values and then FDR method ([@B47]) was adopted to generate q-values. Events with q-values of rejecting *R* = 0 null hypothesis \<0.2 and splicing ratio changes \>2-fold was considered as the significantly regulated splicing events.

Motif-based sequence analysis {#SEC2-4}
-----------------------------

Enriched motifs were performed by MEME (Multiple Em for Motif Elicitation) ([@B48],[@B49]) for the SRSF3-dependent skipping/inclusion of alternative exons on the top list from B/E analysis and those events not on the top list, but validated experimentally in this study. The sequence length analyzed in MEME was limited to 600 nts, with 300 nts upstream and 300 nts downstream of a splice site in an alternative exon, for enrichment of the 6-nt motifs that fulfill the statistical threshold of an *E*-value. The enriched motif occurrence rates between exonic and intronic regions were evaluated by Student\'s t-test.

RNA pulldown assay {#SEC2-5}
------------------

RNA pulldown assays were performed as described previously ([@B10],[@B11]) with a minor modification. Briefly, 0.8 nmol of 5′-biotin-labeled RNA oligo nucleotides were rotated in the presence of 50 μl of Neutroavidin beads (Thermo Scientific, Waltham, MA, USA) in 1 × TBS (50 mM Tris--HCl \[pH 7.4\], 150 mM NaCl) for 2 h in 4°C. Beads were then washed with 1 × TBS three times and further rotated with HeLa cell lysate for overnight at 4°C. Beads were then washed with 1 × TBS three times and bound proteins were eluted by mixing with 40 μl of 2 × Laemmli buffer for Western blot analysis. Following RNA oligos with the motif sequence bolded were used in this study: oMA336 (biotin-5′-CAACAAUU**CCAGCC**CCUGUUCCdTdT-3′) for the motif 1 in EP300 exon 14; oMA337 (biotin-5′-CUCAAACU**CCAGGC**UUCAAGUGdTdT-3′) for the motif1 in CKLF exon 3; oMA331 (biotin-5′-CAGCCCCA**GCAGCA**GCCUCGCUdTdT-3′) for the motif 2 in EP300 exon 14; oMA333 (biotin-5′-UUCGGACA**GCAGCA**GUAUGACAdTdT-3′) for the motif 2 in PKP4 exon 7; oMA365 (biotin-5′-UCUGCUGA**CCAGCC**CCAGCAGCTT-3′) for motif c in EP300 exon 14; oMA366 (biotin-5′-UCUGCUGA[U]{.ul}C[U]{.ul}G[UU]{.ul}CCAGCAGCTT-3′) motif c mt-1 in EP300 exon 14; oMA367 (biotin-5′-U[G]{.ul}UGCUGA[U]{.ul}C[U]{.ul}G[UU]{.ul}C[U]{.ul}AGCAG[U]{.ul}TT-3′) for motif c mt-2 in EP300 exon14. Paired RNA oligos oJR9 derived from an HPV16 exonic splicing enhancer (16ESE) and oJR10 derived from an HPV16 ESE mutant (16ESE mt) ([@B10]) or oVM41 and oVM42 derived from KSHV K8β RNA ([@B11]) were served, respectively, as a positive and negative control for SRSF3 binding in the RNA pulldown assays.

mRNA decay assay {#SEC2-6}
----------------

HeLa cells were transfected with Dharmacon si-NS or si-SRSF3 twice with an interval of 48 h. The cells at 48 h after the second transfection were treated with 10 μg/ml of actinomycin D for 0, 1, 2, 4 and 8 h ([@B50],[@B51]). Total RNA was extracted at each time point and treated by DNase TURBO (Life Technologies). The DNase-treated total RNA at 1 μg was reverse-transcribed and quantified by TaqMan real-time PCR for the remaining RNA levels of SRSF3 and GAPDH (Applied Biosystems, Life Technologies). Relative SRSF3 RNA expression levels at individual time points were determined by ΔΔC~T~ method ([@B52]). After normalizing to GAPDH RNA, the SRSF3 RNA decay rates were calculated by setting the RNA levels at 0 h as 100% for both si-NS and si-SRSF1 groups. Exponential fitting curves were determined by the logarithmic least squares method ([@B50]).

WST-8 cell proliferation assay {#SEC2-7}
------------------------------

For the WST-8 cell proliferation assay, dehydrogenase activities in living cells were measured by Cell Counting Kit-8 from Dojindo Molecular Technologies (Rockville, MD, USA) as previously described ([@B53]--[@B55]). Briefly, cells were incubated with 10% WST-8 in culture medium for 40 min at 37°C, and the cell culture medium was then measured in three biological repeats for 450-nm absorbance to calculate the relative cell viability.

RT-PCR {#SEC2-8}
------

U2OS or HeLa cells were transfected by si-SRSF3, si-NS or si-SRSF1 twice with an interval of 48 h. Total RNA at 48 h after the second transfection was purified by TriPure (Roche Diagnostics) and used for RT-PCR analysis. Following DNase I treatment, total RNA at 1--4 μg was reverse transcribed at 42°C using random hexamers followed by PCR amplification using a pair of gene-specific primers and agarose gel running. The signal intensity of each RT-PCR product in the gel was measured and the background subtraction were performed by Image Lab 3.0 (Bio-Rad Laboratories, Hercules, CA, USA) to determine fold-change or percent splice-in (PSI) as described ([@B56]) for each RT-PCR result after normalizing to GAPDH RNA loading control. Gene-specific primers used in the RT-PCR analysis are in the summarized Supplementary Table S1.

Western blot and immunohistochemistry staining {#SEC2-9}
----------------------------------------------

Protein samples collected along with total RNA at the same time in U2OS and HeLa cells or from the RNA oligo pulldown assays in 2× Laemmli buffer were denatured by boiling for 5 min, separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, and blotted with the following antibodies: mouse monoclonal anti-SRSF3 (7B4, ATCC), anti-β-tubulin (BD PharMingen, San Diego, CA, USA), anti-β-actin (AC-15, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-hnRNP K (D-6, Santa Cruz Biotechnology), anti-p300 (Abcam, Cambridge, MA, USA), anti-CHK1 (G-4, Santa Cruz Biotechnology), anti-SRSF1 (clone 96, Invitrogen) and anti-PTB (SH54, Santa Cruz Biotechnology), and rabbit polyclonal anti-Annexin A1 (Abcam), anti-ERRFI1 (ProteinTech, Chicago, IL, USA) and anti-TGFβ2 (Santa Cruz Biotechnology) antibodies. Phopsphorylated pan-SR proteins were detected with mAb104 (ATCC). Quantification of signal intensities and background subtractions in Western blot were performed by Image J ([@B57]).

Immunohistochemical staining of cervical tissue sections purchased from US BioMax (Rockville, MD, USA) was performed as described ([@B28]) by following antibodies: mouse monoclonal anti-Annexin A1 (clone 29, BD Biosciences, San Jose, CA, USA), anti-involucrin (SY5, Santa Cruz Biotechnology), anti-hnRNP A1 (4B10, Santa Cruz Biotechnology), anti-hnRNP K (D-6, Santa Cruz Biotechnology), anti-hnRNP L (4D11, Abcam), anti-SRSF1 (clone 96, Invitrogen,), and anti-SRSF2 (Sigma-Aldrich, St Louis, MO, USA) and rabbit polyclonal anti-YB1 antibody (Abcam).

Pathway enrichment analysis {#SEC2-10}
---------------------------

Conditional hypergeometric test in the GOstats package ([@B58]) at <http://www.bioconductor.org/packages/release/bioc/html/GOstats.html> was adopted to find out the regulated splicing events significantly enriched biological pathways with a *P*-value \<0.01.

Micro-Paraflo miRNA microarray assay, Northern blot and TaqMan miRNA real-time quantitative RT-PCR assays {#SEC2-11}
---------------------------------------------------------------------------------------------------------

Human microRNA array assay was performed using a service provider (LC Sciences, Houston, TX, USA). Total RNA isolated from HeLa cells with or without SRSF3 knockdown (three repeats for each) was analyzed for a genome-wide expression of 856 human mature miRNAs. A subset of miRNAs with a significant change in their expression were randomly selected for further confirmation by Northern blot or by TaqMan miRNA real-time quantitative RT-PCR assays as described ([@B59]--[@B61]). U6 snRNA served as an internal loading control. All of the TaqMan microRNA and U6 snRNA probes were purchased from Applied Biosystems of Life Technologies.

Results {#SEC3}
=======

Global identification of SRSF3-regulated splicing events and gene expression in human U2OS cells {#SEC3-1}
------------------------------------------------------------------------------------------------

To understand SRSF3-induced changes in RNA splicing and gene expression, we performed ExonHit SpliceArray analysis ([@B45]) to profile the expression of 20 649 genes and the 138 636 splicing events of 19 066 genes for human U2OS cells with or without SRSF3 knockdown. Based on three criteria stated in 'Materials and Methods' section: (i) a threshold of ≥2-fold change in log~2~ as determined by a B/E method for an alternative splicing event or by probeset intensities of constitutive exons for a gene expression level, (ii) FDR value \<0.1 for gene expression changes and \<0.2 for splicing alterations, and (iii) acquired signal intensity \>4.3 on log~2~ scale, we identified a large set of SRSF3 targets with highly responsive events (Figure [1](#F1){ref-type="fig"} and Supplementary Table S2, see NCBI GEO accession no. GSE22149 for the full list). These identified targets with altered events are categorized into three groups: evidenced splicing events in which the identified splicing variants have been previously reported; novel splicing events in which the identified splicing variants have not been reported, or predicted only *in silico*; gene expression change in which gene expression levels are increased or decreased following SRSF3 knockdown. The top SRSF3-responsive events consist of 43 evidenced splicing events from 40 genes, 14 novel splicing events from 14 genes (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"} and Supplementary Table S2) and 62 genes with changes of the expression level (Figure [1C](#F1){ref-type="fig"} and Supplementary Table S3). However, knocking down SRSF3 in U2OS cells was found to alter the expression of ERRFI1 and DDEF2 both at RNA splicing and at gene expression level (Figure [1](#F1){ref-type="fig"}).

![SRSF3-targeted splicing events and changes of gene expression in U2OS cells. (**A**--**C**) Clustered heat maps for the top events regulated by SRSF3 identified by ExonHit splice arrays. SRSF3-targeted genes in three experimental repeats consist of 43 evidenced splicing events from 40 genes (A), 14 novel splicing events from 14 genes (B) and 62 gene with expression changes (**C**), with a threshold of ≥2-fold changes in log~2~ as determined by a B/E method and FDR cutoff of 0.1 for gene expression change and 0.2 for splicing alternation. Individual gene names and event ID are indicated on the right. Event ID specifies individual splicing events being detailed in Supplementary Table S2. SRSF3 expression level in U2OS cells with si-SRSF3 or si-NS treatment was included in (C) as a control. Color key scales in log~2~ values are indicated at the bottom of each panel. The full list of B/E ratio analysis result is available at NCBI GEO (<http://www.ncbi.nlm.nih.gov/geo/>) (accession number GSE22149).](gkv1500fig1){#F1}

SRSF3-regulated genes are primarily associated with regulation of cell proliferation and RNA splicing and their primary transcripts contain highly conserved RNA motifs {#SEC3-2}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

Classification of those SRSF3-regulated genes by pathway enrichment revealed that SRSF3 primarily targets the expression of those genes associated with cell growth, cell cycles, cell cytoskeleton and RNA splicing (Figure [2A](#F2){ref-type="fig"}), which are in concordance with the described roles of SRSF3 in cell proliferation ([@B28],[@B32],[@B34]). We further looked into the enriched motifs for the SRSF3-responsive splicing events by MEME analysis ([@B48],[@B49]). Subsequently, we identified two consensus A/C-rich motifs, motif 1 CCAG(C/G)C and motif 2 (A/G)CAGCA. These two motifs were especially enriched in the exonic region ∼50--150 nts from the splice sites in the alternative exons (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}, Supplementary Table S4), but much less in the intron region (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}), with the motif 2 being a typical case (Figure [2C](#F2){ref-type="fig"}). Both motifs were common upstream of the 5′ splice sites (5′ ss, Figure [2C](#F2){ref-type="fig"}), but the motif 1, not the motif 2, was the only motif enriched in the exon region downstream of the 3′ splice sites (3′ ss, Figure [2B](#F2){ref-type="fig"}). The motif 1 was enriched relatively more often than the motif 2 in the intron regions either upstream of 3′ ss or downstream of the 5′ ss of the alternative exons (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). Two enriched motifs are similar to the previously reported SRSF3 binding site (C/U)(A/C/U)(U/A)(C/A/U)(A/C/U) identified by a CLIP (cross-linking immunoprecipitation) assay in mouse neural P19 cells ([@B42]). A/C-rich elements was previously identified in CD44 ([@B62]), bovine papillomavirus 1 (BPV1) ([@B44]) and HPV16 transcripts ([@B10]), and characterized as an SRSF3-binding site in regulation of alternative RNA splicing ([@B10]). Accordingly, we performed SRSF3 RNA-binding assays for the RNA motif 1 and motif 2 identified in EP300 exon 14, CKLF exon 3 and PKP4 exon 7, with SRSF3-binding HPV16 ESE wt and mt, respectively, as a positive and negative control ([@B10]). Using HeLa cell extract and a synthetic RNA oligo containing the motif 1 or motif 2 for RNA pull-down assay, we found that both motif 1 and motif 2 in its native context bind SRSF3 (Figure [2D](#F2){ref-type="fig"}).

![Functional classification and MEME motif analysis of the identified SRSF3-responsive targets. (**A**) Functional classification of the SRSF3-responsive targets with alternative splicing (evidenced and novel splicing) events and gene expression changes. (**B** and **C**) Identification of enriched motifs in SRSF3-responsive alternative exons. Three hundred nucleotides (nts) upstream and downstream of 3′ splice site (3′ ss, B) or 5′ splice site (5′ ss, C) of SRSF3-responsive alternative exons were search for enriched motifs by MEME. MEME motifs are represented by sequence LOGO derived from position-specific probability matrices. A single motif around the 3′ ss (B) and two motifs around the 5′ ss (C) were identified. Each motif occurrence was counted by 50 nts as window size up to 300 nts upstream or downstream of 3′ ss or 5′ ss of alternative exons. \**P* \< 0.05; \*\**P* \< 0.01 by Student\'s *t*-test. (**D**) SRSF3 in HeLa cell extract binds to the enriched motif 1 and motif 2 from EP300 exon 14, CKLF exon 3 and PKP4 exon 7 by RNA pull-down assays. HPV16 ESE (16ESE) or its mutant (16ESE mt) RNA oligo ([@B10]) served as a positive or negative control. One representative experiment of two is shown.](gkv1500fig2){#F2}

SRSF3 regulates gene expression of ERRFI1, ANXA1, and TGFB2 and alternative RNA splicing of PUS3, PKP4, KIF23, EP300 and CLINT1 {#SEC3-3}
-------------------------------------------------------------------------------------------------------------------------------

We subsequently validated by RT-PCR a subset of the identified alterations of gene expression and splicing events both in U2OS and HeLa cells. These include SRSF3-regulated expression changes (≥50%) of ERRFI1, ANXA1 and TGFB2 (Figure [3A](#F3){ref-type="fig"}--[C](#F3){ref-type="fig"}) in either cell type. We confirmed SRSF3 knockdown increases the expression of ERRFI1 (Figure [3A](#F3){ref-type="fig"}) and ANXA1 (Figure [3B](#F3){ref-type="fig"}), but decreases the expression of TGFB2 (Figure [3C](#F3){ref-type="fig"}), at the RNA level.

![Validation of the SRSF3-responsive events identified by B/E ratio analysis. U2OS and HeLa cells were transfected with Dharmacon si-NS or si-SRSF3 twice in an interval of 48 h. Total RNA from the cells were analyzed by RT-PCR to validate transcript level change of ERRFI1 (**A**), ANXA1 (**B**) and TGFB2 (**C**), splicing alteration of PUS3 alternative 5′ ss usage in the exon 3 (**D**), and exon skipping of the PKP4 exon 7 (**E**), KIF23 exon 18 (**F**), EP300 exon 14 (**G**) and CLINT1 exon 11 (**H**). The primers used in RT-PCR are shown as bars above (forward primers) and below (reverse primers) each RNA splicing diagram. GAPDH served as a loading control. RT+, reaction with reverse transcriptase; RT−, reaction without reverse transcriptase; si-SRSF3~Amb~, si-SRSF3 from Ambion; FC, fold-change; PSI, percent spliced-in of the alternative exon(s) or splice site (% inclusion = inclusion/sum of inclusion + exclusion).](gkv1500fig3){#F3}

The criteria for validation was based on (i) detection of an aberrant splicing product(s) from agarose gel electrophoresis, (ii) the aberrant splicing product(s) has a PSI ≥10% from either cell type and (iii) the aberrant splicing event is repeatedly detectable by another si-SRSF3 approach. Validation of the SRSF3-regulated alternative RNA splicing events were carried out for PUS3, PKP4, KIF23, EP300 and CLINT1 (Figure [3D](#F3){ref-type="fig"}--[H](#F3){ref-type="fig"}). We confirmed that SRSF3 knockdown induces the selection of an alternative 5′ ss in the PUS3 exon 3 (Figure [3D](#F3){ref-type="fig"}) and promotes exon skipping of PKP4 exon 7 (Figure [3E](#F3){ref-type="fig"}), KIF23 exon 18 (Figure [3F](#F3){ref-type="fig"}), EP300 exon 14 (Figure [3G](#F3){ref-type="fig"}) and CLINT1 exon 11 (Figure [3H](#F3){ref-type="fig"}). In addition, we found both Dharmacon and Ambion siRNAs targeting to different regions of SRSF3 displayed the similar results for KIF23, EP300 and CLINT1 (Figure [3F](#F3){ref-type="fig"}--[H](#F3){ref-type="fig"}). We also validated three splicing events of ILF3 regulated by SRSF3, but failed to confirm the SRSF3-regulated PLD2 splicing event. Together, the B/E ratio analysis provides a confirmation rate of ∼91% by RT-PCR for the SRSF3-regulated gene expression and RNA splicing events (Supplementary Table S5).

SRSF3 regulates alternative RNA splicing of CHK1, SMC2, CKLF, MAP4K4, MBNL1, MELK, DDX5, PABPC1, MAP4K4, Sp1 and SRSF1 {#SEC3-4}
----------------------------------------------------------------------------------------------------------------------

We further analyzed by ANOVA (analysis of variance) on those events under the threshold in the B/E ratio calculation. ANOVA examines the intensities of all six probes as diagrammed in Supplementary Figure S1 to improve statistical power for detection of splicing change. As a result, we identified additional 122 splicing events in 114 genes (Supplementary Figures S2 and S3, Table S6) with significant changes (\>2-fold), including seven gene transcripts identified by the B/E method. We further selectively validated the SRSF3-regulated exon skipping of the CHK1 exon 3, SMC2 exons 3--4, CKLF exon 3, MAP4 exon 10, MBNL1 exon 4, MELK exon 11, DDX5 exon 12 and PABPC1 exons 10--11. As shown in Figure [4](#F4){ref-type="fig"}, knocking down SRSF3 expression in U2OS and HeLa cells induces exon skipping of these gene transcripts (Figure [4A](#F4){ref-type="fig"}--[H](#F4){ref-type="fig"}). Both siRNAs targeting to SRSF3 from Dharmacon and Ambion exhibited a similar result (Figure [4C](#F4){ref-type="fig"}--[H](#F4){ref-type="fig"}). However, we failed to validate NUMB and NASP for their altered splicing events identified by ANOVA analysis. Together, ANOVA analysis provides a confirmation rate of ∼82% by RT-PCR for the SRSF3-regulated splicing events (Supplementary Table S5).

![Validation of other SRSF3-responsive RNA splicing events identified by ANOVA analysis. Following transfection of U2OS or HeLa cells with Dharmacon si-NS or si-SRSF3 twice in an interval of 48 h, total RNA from the cells was analyzed by RT-PCR for exon skipping of CHK1 exon 3 (**A**), SMC2 exon 3--4 (**B**), CKLF exon 3 (**C**), MAP4 exon 10 (**D**), MBNL1 exon 4 (**E**), MELK exon 11 (**F**), DDX5 exon 12 (**G**) and PABPC1 exon 10--11 (**H**). See other details in Figure [3](#F3){ref-type="fig"}.](gkv1500fig4){#F4}

We also selectively examined three additional gene transcripts with SRSF3-altered splicing change not on the ANOVA top list, but close to the threshold value, either in U2OS or HeLa cells or both. Knocking down SRSF3 expression induces skipping of the MAP4K4 exon 23alt (Supplementary Figure S4A) and selection of an alternative 3′ ss in the Sp1 exon 3 (Supplementary Figure S4B), but activates a cryptic intron within the exon 4 of SRSF1 (ASF/SF2) in HeLa cells (Figure [7A](#F7){ref-type="fig"}). Data suggest that many other splicing events not on the ANOVA top list (Supplementary Table S6), but in our submitted datasets (see NCBI GEO accession no. GSE22149 for the full list) might be still true SRSF3 targets.

SRSF3-regulated transcription and RNA splicing events alter protein production of the regulated genes {#SEC3-5}
-----------------------------------------------------------------------------------------------------

We further selected randomly five SRSR3-targeted genes identified by B/E and ANOVA analyses and confirmed their changes at RNA transcription or splicing level for their possible changes at protein level in U2OS and HeLa cells. As expected, knocking down SRSF3 in these cell lines increases the expression of ERRFI1 and ANXA1 proteins (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}), but decreases the expression of TGFβ2 protein (Figure [5C](#F5){ref-type="fig"}). In addition, SRSF3 knockdown induces skipping of the EP300 exon 14 (Figure [3G](#F3){ref-type="fig"}) to cause in-frame deletion of the p300 bromodomain and consequently the production of a shorter isoform p300 protein which we named p300ΔE14 (Figure [5D](#F5){ref-type="fig"}). We also confirmed that SRSF3 knockdown decreases the expression of full-length CHK1 protein (Figure [5E](#F5){ref-type="fig"}) by induction of skipping of the CHK1 exon 3 to create a premature stop codon after the first 29 amino acid residues (Figure [4A](#F4){ref-type="fig"}).

![Validation for protein expression changes following SRSF3 knockdown in U2OS and HeLa cells. U2OS and HeLa cells were transfected with Dharmacon si-NS or si-SRSF3 twice with an interval of 48 h. Whole cell lysates at 48 h after the second transfection were analyzed by Western blotting for ERRFI1 (**A**), ANXA1 (**B**), TGFβ2 (**C**), p300 (**D**) and CHK1 (**E**). hnRNP K or β-actin served as a sample loading control. FL, full length p300; ΔE14, p300 isoform produced by exon 14 skipping; FC, fold-change.](gkv1500fig5){#F5}

An SRSF3-binding site is required for inclusion of the EP300 exon 14 {#SEC3-6}
--------------------------------------------------------------------

We next explored the SRSF3 binding in functional correlation with its regulation of EP300 exon 14 skipping. EP300 was chosen because its encoded p300 protein, a well-known histone acetyltransferase, promotes transcription through histone acetylation ([@B63]--[@B65]). A minigene expressing EP300 exon 13--15 was first subcloned into a pEGFP-N1 vector under the control of a CMV IE promoter, with a truncation in the middle of the intron 14. Subsequently, four putative SRSF3-binding motifs (a, b, c and d) identified by MEME in the exon 14 were separately deleted in the order in each designated subclone Δ1, Δ2, Δ3 and Δ4 (Figure [6A](#F6){ref-type="fig"}) and examined in HeLa cells by transient transfection for skipping of the EP300 exon 14. We found that deletion of the SRSF3-binding motif c, but not the binding motifs a, b or d, significantly promotes the skipping (Figure [6B](#F6){ref-type="fig"} and [C](#F6){ref-type="fig"}), indicating that the SRSF3-binding motif c is responsible for inclusion of the exon 14. To further confirm this observation, we introduced point mutations into the motif c, which has a motif 1 sequence (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}), and its surrounding sequence (Figure [6D](#F6){ref-type="fig"}), and examined for its binding by SRSF3. As expected, the motif c RNA, but not its mt-1 and mt-2 RNAs, binds SRSF3 (Figure [6E](#F6){ref-type="fig"}). Both mt-1 and mt-2 RNAs, but not the wt motif c, bind PTB and in addition, the mt-2 RNA binds ∼30-kDa SR protein recognizable by mAb104 (Figure [6E](#F6){ref-type="fig"}), but not by anti-SRSF1 (data not shown). The loss of SRSF3, but PTB binding to the mt motif c, significantly increases skipping of the exon 14 (Figure [6F](#F6){ref-type="fig"} and [G](#F6){ref-type="fig"}). The mt-2 minigene containing additional three nucleotide mutations outside of the mutant motif c (Figure [6D](#F6){ref-type="fig"}) and binding both PTB and ∼30-kDa SR protein (Figure [6E](#F6){ref-type="fig"}) showed much more skipping of the exon 14 than the mt-1 (Figure [6F](#F6){ref-type="fig"} and [G](#F6){ref-type="fig"}). Altogether, our data conclude that the binding of SRSF3 to this region is necessary for inclusion of the exon 14 in EP300 mRNA.

![SRSF3 promotes inclusion of the EP300 exon 14 through an exonic SRSF3-binding site. (**A**) Diagram of EP300 minigene structure and exon 14 mutants containing detection (Δ1, Δ2, Δ3 and Δ4) of a 6-nt, putative SRSF3-binding motif. Red boxes a, b, c and d indicate individual putative SRSF3-binding motif. The EP300 minigene has a 623-bp deletion in the intron 14 indicated by a vertical line. P~CMV\ IE~, cytomegalovirus immediate early promoter; pA~SV40~, SV40 polyadenylation signal. (**B** and **C**) Deletion of a putative SRSF3-binding motif increases skipping of the EP300 exon 14. HeLa cells were transfected with individual EP300 minigenes or a parental vector pEGFP-N1 for 24 h, and skipping of the minigene exon 14 was determined by RT-PCR with a primer set for EP300 exon 13 (F~13~, forward primer) and vector sequence (R~vec~, reverse primer, diagrammed on the right). GAPDH RNA served as a loading control. RT-PCR products were resolved by gel electrophoresis, the band intensity was measured, and after normalizing to GAPDH RNA, a skipping rate (%) of the EP300 exon 14 was calculated. Shown in bar graphs (C) are means ± SD from two separate experiments. \**P* \< 0.05 by Student\'s *t*-test. (**D**--**G**) Introduction of point mutations into the SRSF3-binding motif c in the EP300 exon 14 disrupts its SRSF3 binding and splicing activity. Schematic diagram of the SRSF3-binding motif c in the exon 14 of the EP300 minigene construct is shown in (D), with its sequence motif (red) for wt and mt-1 or -2 containing point mutations (nucleotides underlined). Synthetic RNA oligos with the indicated RNA sequence in (D) were examined for binding of SRSF3, PTB and other SR proteins using HeLa nuclear extract and Western blot assays with indicated antibodies (E). Kaposi\'s sarcoma associated herpesvirus K8β RNA oligos oVM241 and oVM242 in (E) are positive and negative SRSF3 binding controls ([@B11]). HeLa cells transfected with individual EP300 minigenes or a parental vector pEGFP-N1 for 24 h were analyzed by RT-PCR with a primer set of F13 and Rvec (B) for splicing skipping of the EP300 exon 14 (F). Percentage of the EP300 exon 14 skipping are calculated as described (B) and shown in bar graph (G) are means ± SD from two separate experiments. \**P* \< 0.05 and \*\**P* \< 0.01 by Student\'s t-test.](gkv1500fig6){#F6}

SRSF3 and SRSF1 are mutually regulated in cells and both display increased expression in cancer cells {#SEC3-7}
-----------------------------------------------------------------------------------------------------

Given SRSF3 regulates the alternative splicing of SRSF1 RNA (Figure [7A](#F7){ref-type="fig"}), we next examined whether knockdown of SRSF1 expression could also affect alternative splicing of SRSF3 pre-mRNA which contains seven exons, with the exon 4-skipped mRNA to encode full-length SRSF3 and the exon 4-included mRNA to produce a truncated SRSF3 lacking the RS domain ([@B66]). We found that knockdown of SRSF1 expression in HeLa cells does not promote inclusion of the exon 4 during SRSF3 RNA splicing, but rather affects SRSF3 transcription (Figure [7B](#F7){ref-type="fig"}). This was independent of the RNA degradation, because knockdown of SRSF1 expression in HeLa cells did not affect the decay rate of the exon 4-skipped SRSF3 RNA (Figure [7C](#F7){ref-type="fig"}). Consistent with these observations, Western blotting analysis showed that knocking down SRSF1 expression in HeLa or U2OS cells reduces the production of SRSF3 proteins. Conversely, knocking down SRSF3 in these two types of cells also reduces the protein level of the SRSF1 (isoform 1) (Figure [7D](#F7){ref-type="fig"}). Moreover, overexpression of SRSF3 in mouse embryo fibroblast MEF3T3 cells increases the level of endogenous SRSF1 protein (Figure [7E](#F7){ref-type="fig"}). These data clearly indicate that SRSF3 and SRSF1 are mutually regulated during their expression. The notion was further supported by their coexpression in normal cervical tissues using immunohistochemistry staining (Supplementary Figure S5) and by Western blot analysis in comparing human fetal normal lung fibroblast MRC-5 (diploid male) and WI-38 (diploid female) cells with cancer-derived cell lines U2OS and HeLa cells (Figure [8A](#F8){ref-type="fig"}). We showed that both SRSF1 and SRSF3 proteins in normal cervix exhibit a similar basal and parabasal nuclear expression profile to SRSF2, hnRNP K, hnRNP L, hnRNP A1 and YB-1, which show more basal than parabasal nuclear expression, but different from involucrin and ANXA1, two cytoplasmic proteins expressing very little in the proliferating basal cells (Supplementary Figure S5). Both SRSF1 and SRSF3 exhibit a similar expression profile, with more proteins in U2OS and HeLa cells than that in MRC-5 and WI-38 cells, as seen for SRm160, SRSF5 and SRSF2, whereas SRSF4 and SRSF6 exhibit a similar amount of protein expression among all four cell types (Figure [8A](#F8){ref-type="fig"}). Since SRSF1 in overexpression functions as a proto-oncogene in cells ([@B67]--[@B69]) as SRSF3 does ([@B28]), their mutual regulation would be synergic and crucial for their oncogenic potentials. We observed that both SRSF1 and SRSF3 display a remarkable increase in colon cancer tissues (Figure [8B](#F5){ref-type="fig"}) and other cancer tissues of lung, breast, stomach, skin, bladder, liver and cervix as well as in lymphoma cells (Supplementary Figure S6). Cell proliferation assays showed that knocking down SRSF1 or SRSF3 expression in HeLa or U2OS cells prevents cell proliferation (Figure [8C](#F8){ref-type="fig"}).

![SRSF3 and SRSF1 are mutually regulated in cells. (**A**) SRSF3 knockdown in HeLa cells activates the usage of a cryptic intron in the SRSF1 exon 4. HeLa cells were transfected with Dharmacon si-NS or si-SRSF3 as described in Figure [4](#F4){ref-type="fig"} and total RNA from the cells was analyzed by RT-PCR for activation of a cryptic intron (dark box) in the SRSF1 3′ UTR. (**B**) Knocking down SRSF1 expression in HeLa cells affects SRSF3 transcript level, but not inclusion or skipping of the SRSF3 exon 4. Knockdown of SRSF1 expression in HeLa cells was performed as described in Figure [4](#F4){ref-type="fig"}. See other details in Figure [3](#F3){ref-type="fig"}. (**C**) Knocking down SRSF1 expression in HeLa cells does not affect SRSF3 RNA stability in a pause-chase RNA decay assay. Following 10 μg/ml actinomycin D treatment for 0, 1, 2, 4 and 8 h, HeLa cells with Dharmacon si-NS or si-SRSF1 knockdown as described in Figure [4](#F4){ref-type="fig"} were examined for the quantitative levels of the exon 4-skipped SRSF3 RNA and GAPDH RNA at each time point by quantitative RT-qPCR. After normalizing to GAPDH RNA, the exon 4-skipped SRSF3 RNA decay rate was calculated by setting the RNA levels at 0 h as 100% for both si-NS and si-SRSF1 groups. Exponential fitting curves over each time point are determined as y = e^−0.185x^, *R*^2^ = 0.8739 for si-NS group and y = e^−0.201x^, *R*^2^ = 0.9819 for si-SRSF1 group. Half-life (t~1/2~) of the exon 4-skipped SRSF3 RNA was calculated as 3.8 h for si-NS transfected cells, and 3.5 h for si-SRSF1 transfected cells. (**D**) Expression of SRSF3 and SRSF1 is mutually regulated each other. HeLa or U2OS cells were transfected with Dharmacon si-NS, si-SRSF1, or si-SRSF3 twice with an interval of 48 h, and analyzed by Western blot for the corresponding protein expression by using an anti-SRSF1 or anti-SRSF3 antibody. (**E**) Overexpression of T7-SRSF3 increases the expression of SRSF1 in MEF3T3 cells revealed by Western blot.](gkv1500fig7){#F7}

![SRSF3 and SRSF1 are mutually regulated in cell lines and coexpressed in normal and cancer cells. (**A**) SRSF3 and SRSF1 are coexpressed along with SRm160, SRSF5, SRSF2 and SRSF9, but only moderately with SRSF4 and SRSF6 in MRC-5, WI-38, U2OS and HeLa cells. Cell lysates for blotting SRSF3 in our previous publication ([@B28]) were reprobed by anti-SRSF1 or a pan-SR protein antibody mAb104. (**B**) Several paired (tumor versus tumor-adjacent normal tissues) samples from colon cancers were compared by Western blot assays for SRSF1 and SRSF3 coexpression. β-actin or β-tubulin served as a loading control for individual Western blot assay. FC, fold-change. (**C**) WST-8 assay for cell proliferation of HeLa and U2OS cells. Mean ± SD were calculated from three biological repeats. \**P* \< 0.05 and \*\**P* \< 0.01 by Student\'s *t*-test.](gkv1500fig8){#F8}

SRSF3 regulates the expression of a subset of human miRNAs {#SEC3-8}
----------------------------------------------------------

Given the fact that pri-miRNA transcripts are predominantly RNA polymerase II transcripts ([@B70]) composed of exons and introns, recent studies indicate that many miRNAs produced from introns ([@B71]--[@B73]) are spliceosome subunit-dependent ([@B73]) and sensitive to a lariat debranching enzyme ([@B74]) and SRSF3 also regulates pri-miRNA processing by modulating Drosha-mediated pri-miRNA cleavage activity ([@B19]) in addition to its roles in post-transcriptional RNA processing. We further examined whether SRSF3 regulates cellular miRNA expression in addition to those coding genes discovered by our splice array assay. Total RNA isolated from HeLa cells with or without SRSF3 knockdown was analyzed by a miRNA array assay for a genome-wide expression of 856 human mature miRNAs. We found that knocking down SRSF3 in HeLa cells decreases the expression of miR-16, miR-18a, miR-21, miR-92b, miR-128, miR-182, miR-629, miR-629\*, miR-1180 and miR-1308, and increases the expression of miR-7, miR-26a, miR-30a, miR-99a, miR100, miR-125b, miR-181a, miR-206, miR-378 and miR-923 (Supplementary Figure S7A and Table S7). Consistently, other studies indicate that miR-21 in miRCancer database (<http://mircancer.ecu.edu>) is highly expressed almost in all examined human cancers (Supplementary Table S8). Overexpression of miR-21 also causes the development of pre-B malignancy ([@B75]), but miR-21-null mice show reduction of papilloma ([@B76]). We further confirmed by Northern blotting the decreased expression of miR-21 and increased expression of miR-125b in the cells due to SRSF3 knockdown (Supplementary Figure S7B). By TaqMan miRNA real-time quantitative PCR assays, we verified the SRSF3-targeted changes of randomly selected seven additional miRNAs, including miR-16, miR-18a, miR-128 and miR-182, of which all showed a decreased expression (Supplementary Figure S7C), and miR181a, miR-100 and miR-30a, of which all showed an increased expression, by SRSF3 knockdown (Supplementary Figure S7D).

DISCUSSION {#SEC4}
==========

SRSF3 is a general splicing factor and has multifunctional activities from affecting genome stability to transcription, RNA processing and protein translation ([@B25]). We and others reported that cancer tissues exhibit the increased expression of SRSF3 which is important for cancer cell proliferation and survival. Increased SRSF3 expression promotes cell immortalization and transformation and is required for tumor induction and maintenance in nude mice ([@B28],[@B32]). To date, only a few endogenous RNA targets of SRSF3 in human cells have been reported ([@B16],[@B28],[@B35]--[@B38],[@B66],[@B77]). In this study, we compiled a global atlas of SRSF3-regulated differential gene expression and splicing events by knocking down SRSF3 expression in human cells. We uncovered more than 200 of SRSF3-targets that are related to cell growth and cycle, cytoskeleton, and RNA splicing. Global analysis of SRSF3-specific mRNPs by ectopic expression of GFP-tagged SRSF3 in mouse neural p19 cells has revealed hundreds of transcripts that change in response to neural differentiation and cell cycles ([@B41]). However, the two different approaches conducted in different cell types from different species exhibit largely non-overlapping SRSF3 targets.

Among the validated transcription and splicing event from the SRSF3-targeted genes identified by the B/E ratio method or the ANOVA assay, ERRFI1 and ANXA1 are two tumor suppressors ([@B78],[@B79]) and TGFβ2 promotes metastasis in multiple types of cancer ([@B80]--[@B82]). Knocking down SRSF3 expression increases the expression of ERRFI1 and ANXA1, but decreases the expression of TGFβ2. Although SRSF3 knockdown induces the selection of an alternative 5′ ss in the exon 3 of PUS3 ([@B83]) and an alternative 3′ ss in the exon 3 of Sp1 ([@B10],[@B84]--[@B86]) as well as activation of a cryptic intron in the 3′-UTR of SRSF1 ([@B69],[@B87]), the most affected events from SRSF3 knockdown are induction of exon skipping, leading to aberrant gene expression. Further analyses indicate that skipping of the exon 7 in PKP4 ([@B88],[@B89]) creates a premature stop codon, exon 18 in KIF23 ([@B90]) produces a short isoform of KIF23, exon 14 in EP300 ([@B63]--[@B65]) produces a truncated protein p300ΔE14, exon 11 in CLINT1 ([@B91]) creates a premature stop codon, exon 3 in CHK1([@B92]) creates a premature stop codon, exons 3--4 in SMC2 ([@B93]) induces in-frame deletion of 91 residues in the N-terminal region, exon 3 in CKLF([@B94],[@B95]) induces in-frame deletion of 53 residues, exon 10 in MAP4 ([@B96]) deletes 72 residues in the Pro-rich region ([@B97]), exon 4 in MBNL1 ([@B98],[@B99]) causes an in-frame deletion of 68 residues ([@B100]), exon 11 in MELK ([@B101],[@B102]) induces an in-frame deletion of 29 residues, exon 12 in DDX5([@B103],[@B104]) deletes 75 residues and exons 10--11 in PABPC1([@B50],[@B105]--[@B107]) causes a frame-shift to produce a smaller protein missing the C-terminal MLLE domain ([@B108],[@B109]).

A few of SRSF3 targets previously reported are not on our top list, but in the submitted NCBI GEO Datasets (accession number GSE22149). For instance, the splice array showed increased inclusion of FoxM1 exon 9 following SRSF3 knockdown (2.04-fold-change, *P* = 0.0493), which is consistent with the finding that SRSF3 promotes exon 9 skipping of FoxM1 ([@B28]). Similarly, SRSF3 regulates PKM2 (pyruvate kinase M2) exon 10 inclusion ([@B36]). We found that SRSF3 knockdown increases skipping of PKM2 exon 10 (1.23-fold-change, *P* = 0.0071). Together with a successful validation rate of ∼91% (Supplementary Table S5) for those SRSF3-targeted transcripts on the B/E top list and of ∼82% (Supplementary Table S5) for those SRSF3 targets on the ANOVA top list by RT-PCR, our study certainly provides a reliable and large splice array dataset for future studies.

Although our splice array approach using human U2OS cells with SRSF3 knockdown was very different from a CLIP approach using mouse neural p19 cells with ectopic overexpression of GFP-SRSF3 ([@B42]), we do have some common interesting observations. First, the enriched SFSF3-binding motifs, CCAG(C/G)C and (A/G)CAGCA, from the regulated splicing events in our study are very similar to the identified SRSF3-binding motifs (C/U)(A/C/U)(U/A)(C/A/U)(A/C/U) by a CLIP assay ([@B42]). Second, the enriched motifs in our study are found frequently ∼50--150 nts from a splice site in the regulated exons. Consistently, other study also showed that the most pronounced SRSF3 binding sites are seen mostly in the exon within 100 nts from the splice site although they could be a few hundred nucleotides upstream or downstream of a splice site ([@B42]). More importantly, the identified motif 1 and motif 2 bind SRSF3 and regulates skipping/inclusion of an alternative exon. Disruption of a SRSF3-binding site in the EP300 exon 14 by deletion or introduction of point mutations was found to induce exon 14 skipping and produce a truncated protein p300ΔE14.

SRSF3 regulates the expression of other members of the SR protein family ([@B42]) and modulates its own expression ([@B66]). Although SRSF1, when ectopically expressed, was found to inhibit exon 4 inclusion of SRSF3 from an expression vector ([@B110]), how endogenous SRSF1 affects SRSF3 expression remains unknown. In this report, we provide further evidence that endogenous SRSF1 and SRSF3 are mutually regulated and co-expressed in normal and cancer cells/tissues. In addition, SRSF1, 2, 3, 5 and SRm160 are also upregulated in cancer cell lines U2OS and HeLa, but not in the immortalized, non-transformed MRC-5 and WI38 fibroblast lines. On the other hand, SRSF4 and SRSF6 show little difference in their expression in all four cell lines examined. Data indicate the SRSF4 and SRSF6 might be less sensitive to mutual regulation by other SR proteins. Similar to SRSF3, SRSF1 is another oncogenic splicing factor in association with various types of cancer ([@B67]--[@B69]). Both SRSF1 and SRSF3 mediate several overlapping oncogenic phenotypes, such as anti-apoptosis, anchorage-independent cell growth and tumor formation in nude mice ([@B28],[@B37],[@B68],[@B69],[@B111]). However, SRSF3 prevents activation of cryptic intron splicing in the SRSF1 exon 4, whereas SRSF1 preferentially affect SRSF3 transcription.

In addition to its post-transcriptional roles in regulation of various coding or non-coding pol II gene expression, SRSF3 modulates pri-miRNA processing by Drosha via binding to a CNNC motif downstream of most pri-miRNA hairpins in animals ([@B19]). We found that SRSF3 regulates the expression of a subset of miRNAs. It remains to be determined whether SRSF3 regulates these identified miRNAs through the proposed pathway ([@B19]) or by modulating RNA splicing ([@B73],[@B74]). However, our finding on SRSF3 regulation of miR-16 production is consistent with the report that SRSF3 enhances miR-16 processing in a CNNC-dependent manner ([@B19]). By searching the miRCancer database (<http://mircancer.ecu.edu>) for all SRSF3-regulated miRNAs identified in this study, we found that the miR18a, miR-21, miR-92b and miR-182, which are oncomiRs, and the miR-7, miR-26a, miR-30, miR-99a, miR-100 and miR-206, which are tumor-suppressive miRNAs, display a close correlation in the expression to SRSF3. In searching the miRTarBase database (<http://mirtarbase.mbc.nctu.edu.tw/>) for miR-21 targets, we found that the four miR-21 target genes (EDIL3, PER3, TGFB2 and TNFAIP3) are also the SRSF3 targets for the gene expression changes (Figure [1C](#F1){ref-type="fig"}). Together we provide multiple lines of evidence indicating that SRSF3\'s oncogenic activity might be mediated through a complex network of those targeted genes and miRNAs.
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